Objective: To evaluate the quantitative advantage of double pulses vs. single pulses in TMS phosphenes evoked from the occipital cortex. Methods: In 10 healthy subjects single pulse thresholds were compared with thresholds from double pulses of equal strength at a stimulus onset asynchrony (SOA) of 2, 5, 10, and 20 ms, both with biphasic and monophasic pulse forms. In a second experiment fusion time, i.e. the double pulse SOA where the percept passes from one into two phosphenes was determined. Results: Thresholds obtained with double pulses did not depend on SOA. They were lowered to about 90% of single pulse thresholds. Biphasic pulses yielded lower thresholds (89%) than monophasic pulses. Fusion time was about 45 ms but highly varied inter-individually and did not depend on stimulation intensity. Conclusions: Although double pulses are more efficient compared to single pulses the advantage is rather small. Previous recommendations to apply double pulses in phosphene studies cannot be confirmed, at least for SOAs up to 20 ms. The independence of fusion time to stimulus intensity indicates a non-linear relation between network activity and the percept of phosphene persistence. Significance: Phosphene threshold studies do not gain advantages by the application of double pulses.
Introduction
Transcranial magnetic stimulation (TMS) over the occipital pole is able to evoke elementary visual phenomena called phosphenes (Barker et al., 1985; Meyer et al., 1991; Marg and Rudiak, 1994; Kammer, 1999) . However, several authors reported that many subjects failed to perceive phosphenes with a single TMS pulse (Amassian et al., 1989; Beckers and Hömberg, 1991; Aurora et al., 1998; Kamitani and Shimojo, 1999; Corthout et al., 2000) . Following the recommendations of Ray et al. (1998) in some phosphene studies double pulses have been used instead of single pulses (e.g. Boroojerdi et al., 2000; Brighina et al., 2002; Fierro et al., 2005) in order to increase the amount of subjects perceiving phosphenes. So far, in three studies the effects single pulses and double pulses to evoke phosphenes have been compared in a systematic approach. In the first report on the effects of double-pulse TMS on phosphene perception, Ray et al. (1998) reported a reduction of phosphene thresholds down to 0.9 of single pulse thresholds using double pulses with a stimulus onset asynchrony (SOA) of 40 ms. They were able to evoke phosphenes even with single pulses in all 20 healthy subjects investigated. They furthermore reported that repetitive TMS trains of 5-40 Hz reduced phosphene thresholds down to 0.6 of single pulse thresholds. Gerwig et al.
(2005) compared single and double-pulse TMS in healthy subjects and in patients suffering from migraine. They were able to elicit phosphenes in all the subjects with single pulses, too. With double pulses at a SOA of 50 ms phosphene thresholds decreased to 0.7 of single pulse thresholds both in healthy subjects and in migraine patients. Sparing et al. (2005) investigated phosphene detection rates with double pulses of different intensities at SOAs between 2 and 12 ms. They searched for an equivalent of short-interval intracortical inhibition (SICI) known from the motor system (Kujirai et al., 1993; Ilic et al., 2002) expecting an increase in phosphene threshold with double pulses in the sequence sub threshold -supra threshold stimulation intensity. They did not identify a double pulse condition reducing detection rates compared to the corresponding single pulse condition, but rather no change or even an increase in detection rates depending on stimulation intensity, i.e. a facilitation comparable to Ray et al. (1998) and Gerwig et al. (2005) .
From electrophysiological studies (Moliadze et al., 2003) we know that a single pulse already evokes a complex pattern of excitation and inhibition in the visual cortex. Double pulses increase the complexity of network reaction (Moliadze et al., 2005) . In the present study we set out to quantify the advantage of double pulses compared to single pulses in generating phosphenes. To that aim we measured phosphene thresholds using single pulses and double pulses with several SOAs. We included the TMS pulse form (monophasic and biphasic pulses) as independent factor in order to
